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ABSTRACT
The effective stress law is ideally expressed as
where COi is the effective stress, 5j is the total applied stress,
56i is the Kronecker delta and p is the pore pressure. Pore pressure
tests were conducted on seven crystalline rocks over a series of strain
rates to determine whether or not the effective stress law is valid for
low porosity crystalline rocks. At high strain rates the observed
strength was greater than that predicted by the effective stress law;
that is, the rock exhibited dilatancy hardening. Dilatancy hardening
occurs when the pore pressure drops due to an increase in porosity
during deformation, thereby augmenting the effective confining pressure
and increasing the strength. As the strain rate was decreased, the
magnitude of the dilatancy hardening also decreased. It appears that
as the strain rate decreases there is more time for the pore pressure
to build up prior to failure. Moreover, there exists a critical strain
rate below which the effective stress law holds. For those rocks with
a porosity less than 0.01, the critical strain rate was in the vicinity
of 5 x 10-8 sec'. Consequently the magnitude of the dilatancy
hardening and the value of the critical strain rate depends on the
permeability of the rock. Experiments with acetone and silicone fluid
(50 cp) as pore fluids indicate that the magnitude of the dilatancy
hardening is also dependent on the viscosity of the fluid. The more
viscious the fluid the greater the amount of dilatancy hardening and
the lower the critical strain rate. An analysis of a physical model
suggests that the Initial rock porosity, fluid compressiblity, and
sample geometry as well as rock permeability and fluid viscosity
determine the magnitude of the dilatancy hardening.
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INTRODUCTION
Most investigations of the physical properties of rocks are
carried out on dry samples. However, in situ, rocks are not always
dry. At depth, water not only fills the cracks and cavities within
the rock, but also exerts an interstitial pressure. This pressure
is often estimated as the pressure at the base of a column of water
with a height equal to the overburden thickness. In oil well drilling
higher pressures are not uncommon and in some cases fluid pressures
approaching the overburden pressure have been encountered. Therefore,
if the presence of pore pressure is characteristic of rocks in the
earth's crust, it would be useful to know if the behavior of rocks
during deformation is significantly altered by this pressure.
In this study the effect of pore pressure on the strength of low
porosity crystalline rocks will be considered. Previous experiments
with pore pressure suggest that the failure of soils and porous
sedimentary rocks is determined by the effective stress on the
material. Ideally the effective stress law can be expressed as
where rq is the effective stress, $j is the total applied stress,
p is the pore pressure and $ij is the Kronecker delta. Physically,
this means that all normal stresses transmitted through the solid
framework of the material will be reduced by an amount equal to the
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fluid pressure in the voids. Accordingly, at a given confining pressure,
as the pore pressure is raised, the grain to grain stress is diminished
and the effective confining pressure decreases. If the strength of a
rock is determined by the effective confining pressure, then a
predictible variation in strength should accompany each incremental
change in pore pressure. Tests on a variety of sedimentary rocks have
demonstrated the validity of this concept (Robinson, 1959; Serdengecti
and Boozer, 1961; Handin et al., 1963). For example, an initial
confining pressure of 2 kb was applied to the Berea sandstone,
Marianna limestone, Repetto siltstone and Muddy shale. Then as the
pore pressure was increased from 0 to 2 kb the strength decreased.
Dry samples deformed at the same effective confining pressure as those
employed in the pore pressure tests exhibited equal strengths. However,
for several low porosity rocks, the Hasmark dolomite (Handin et al., 1963)
and the Carthage marble (Robinson, 1959), the strengths were greater than
those predicted by the effective stress law. Since both the Carthage
marble and Hasmark dolomite exhibited brittle behavior, it was not
certain whether the effective stress law would hold for low porosity
crystalline rocks. Moreover, Heard (1959) found that the brittle-
ductile transition of Solenhofen limestone was independent of pore
pressure and the effective stress law did not apply.
The breakdown of the effective stress law for these low porosity
rocks might be explained two ways. First, the pore pressure is not
wholly effective due to the low porosity of the rock. By considering
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the equilibrium conditions of a plane through a saturated material,
Terzaghi (1945) showed that the degree to which the pore pressure acts
is a function of the boundary porosity, 1 , and thus the effective
stress law becomes
- (2)
While the boundary porosity is taken as close to unity for most soils
and sedimentary rocks, it may be much less for tight rocks. Hence,
the effective confining pressure would be greater and the rock would
be stronger than originally anticipated. Second, the pore pressure
is considered to be wholly effective and3 independent of the boundary
porosity (Hubert and Rubey, 1959) but the deformation of the rock
causes a reduction in pore pressure. As crystalline rocks are
loaded beyond one-third to two-thirds of their fracture stress they
become dilatant. The magnitude of the dilatancy ranges from o.2 to
2.0 times the volume change which would have occured for an ideally
elastic rock. This increase in volume is attributed to the opening
of axial cracks (Brace et al., 1966). Therefore, if the voids of a
porous material are intially filled with fluid at a given pressure,
then an increase in porosity due to cracking will reduce the pore
pressure and augment the effective confining pressure. The increased
confining pressure produces a corresponding increase in strength.
This phenomenon has been called dilatancy hardening (Frank, 1965).
If dilatancy hardening is responsible for the observed increase
in strength, then the rate of deformation could be critical. This
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becomes apparent if we consider a dilatant region in contact with a
much larger region at a constant pore pressure. In such a situation,
after each drop in pore pressure, fluid will begin to flow into the
deformed region and restore the fluid pressure. The time required
will depend upon the sample geometry, the permeability of the rock,
and the properties of the fluid. Thus, if the rate of deformation
continues to reduce the pore pressure more rapidly than it can build
up, the pore pressure at failure will be less than the initial value
and the rock will exhibit dilatancy hardening. Consequently, as the
strain rate decreases a decrease in dilatancy hardening should be
observed; a critical strain rate should be reached below which
dilatancy hardening equals zero.
If dilatancy hardening is characterisitic of the deformation of
crystalline rocks, it would be useful to determine what factors other
than strain fate influence the magnitude of the effect. The permeability
studies on Westerly granite indicate that the viscosity of the fluid
influences the observed flow through the material. Therefore, by
varying the viscosity of the pore fluid, the dilatancy hardening
should change for a given strain rate. Finally, we wished to determine
a critical strain rate at which the effective stress law held, if in
fact, such a strain rate exists. With this problem in mind, a series
of pore pressure experiments were conducted over a range of strain
rates.
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EXPERIMENTAL PROCEDURE
Seven low porosity rocks were selected for the pore pressure
experiments. The physical characteristics of these rocks are given
in Table I. The samples tested were ground right circular cylinders
1.58 cm in diameter and 3.81 cm in length. All the experiments were
run in compression at room temperature.
In order to evaluate the validity of the effective stress law a
series of control experiments with no pore pressure were conducted.
Furthermore, to avoid any misinterpretation of our results due to
possible differences in strength between dry and saturated samples,
a set of experiments were carried out on Westerly granite and
Maryland diabase to determine if fluid saturation, and in particular
water saturation, significantly altered the observed strength of
dry rock.
All the experiments were carried out under the same effective
confining pressure, 1.56 kb, at strain rates ranging from 2.4 x 10-3
to 2.4 x 10-8 sec-1 . Many experiments were duplicated to insure the
reproducibility of the data and to estimate the experimental scatter.
The dry and fluid-saturated samples were fractured under a confining
pressure of 1.56 kb. The samples were dry in that they contained
only the water vapor present due to atmospheric conditions in the
laboratory. Every rock type was saturated with water and tested. In
addition, two other fluids were used in a limited way. Westerly
granite was tested with acetone as a pore fluid and Pottsville
sandstone with Dow Corning silicone fluid (type 200 with a viscosity
of approximately 50 cp).
The pore pressure experiments were conducted on saturated samples
under 3.12 kb confining pressure and 1.56 kb pore pressure. Finally,
to reduce the time involved in a run at starain rates of 2.4 x 10-7
and 2.4 x 10-8 sec', the specimens were loaded to approximately half
their fracture stress at 2.4 x 10-5 sec'i and then shifted to the desired
strain rate.
The saturation of low porosity rocks cannot be accomplished by
merely soaking the samples in fluid for extended periods. Therefore,
in order to insure thorough saturation of the pore space, the
following technique was employed. Dry specimens were suspended
over a container of the fluid in a vacuum chanber at 25 mm of Hg for
several hours and then dropped into the fluid. When saturating the
sandstone with the silicone fluid, the vacuum chamber was heated to
750 C to reduce the viscosity of the fluid and thus permit a more
complete saturation. Therefore, with this method the air was removed
from the rock before the fluid was introduced and satisfactory saturation
was achieved, (Brace et al., 1965).
Not all the rock types were studied in the same detail. The
Westerly granite, Maryland diabase and Pottsville sandstone were
studied over a continuous range of strain rates with different fluids
as noted above. The Columbia diabase, Blair dolomite, San Marcos
gabbro and Spruce Pine dunite were examined in a reconnaissance
fashion. A water-saturated sample was run at a strain rate of
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2.4 x 10-5 sec-1 and pore pressure tests were carried out at strain rates
of 2.4 x 10-5 and 2.4 x 10~7 sec- 1. With these three data points alone
it was possible to determine whether or not the pore pressure was
fully effective and if dilatancy hardening was characteristic of
these rocks under the experimental conditions employed.
The 5 kb pressure vessel used in these experiments has been
described by Brace (1964). The confining pressure was measured with
a 200-ohm manganin coil inside the pressure vessel. The axial load
was applied with a ball screw mechanism which had a stiffness of
17.3 x 1011 dynes cm" . The constant strain rates were achieved by
advancing the ball screw mechanism with a constant speed motor coupled
to a gear box. The gear box provided a range of strain rates from
2.4 x 10-3 to 2.4 x 10-0 sec-1 for 3.81 cm samples. The axial load
was measured with an external load cell. Both confining pressure
and axial load were recorded on a Mosley X-Y Recorder, Model 136.
The overall accuracy of the axial stress measurement was better than
2 percent and that of the confining pressure was about o.5 percent.
The pore pressure was applied through the base plug of the
pressure vessel. The samples were jacketed with 0.32 cm thick
polyurethane tubing and clamped to the base plug and steel end cap
with wire (Figure 1). The pore pressure was measured with a 2000
bar Heise gage. The manganin coil was calibrated against the Heise
gage so that a 2 to 1 ratio of confining pressure to pore pressure
could be maintained. The manganin coil was then checked against a
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7.5 kb Heise gage. The final accuracy of the 2000 bar gage was better
than 0.25 percent. For experiments involving pore pressure, the
confining pressure was brought to 3.12 kb initially and then the pore
pressure was injected. At least two hours were allowed for the pore
pressure to equalize throughout the sample before the experiment was
continued. During a run the pore pressure was kept constant by manual
adjustment.
OBSERVATIONS
The results of all the experiments are summarized in Table II.
The difference in strength between the water-saturated and dry
Westerly granite and Maryland diabase was approximately 1 percent.
With one exception, the strength of the dry samples were greater than
those of the water-saturated at each strain rate. However, both the
water-saturated and dry samples showed a marked strain rate dependence.
As the strain rate was decreased from 2.4 x 10'4 to 2.4 x 10' sec ,
the strength of Westerly granite decreased by 9 percent and that of
Maryland diabase decreased by 7 percent. A similar dependence was
observed for acetone-saturated Westerly granite (Figure 2).
When the pore pressure tests were run with water, a continuous
reduction in strength with decreasing strain rate was observed for all
the rocks studied except Pottsville sandstone, (Figures 2 and 3).
When acetone was introduced as a pore fluid in Westerly granite,
there was a similar decrease in strength with strain rate. Moreover,
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the numerical results obtained with acetone were almost identical to
those observed with water. In general, it appears that the critical
strain rate at which the effective stress law is applicable is in the
vicinity of 10' to 5 x 10-8 sec-l for the low porosity water-
saturated crystalline rocks studied here. When water-saturated
Pottsville sandstone was deformed with pore pressure, there was only
a slight decrease in strength with strain rate. In fact, it seems
probably that the effective stress law was valid at a strain rate in
the vicinity of 10-3 sec-1 . However, when the silicone fluid was
substituted as a pore fluid under the same experimental conditions,
a marked strain rate dependence was observed and the critical strain
rate shifted to approximately 10"7 sec- (Figure 4).
A typical plot of the variation of pore pressure during deforma-
tion is given in Figure 5. This does not represent the change in pore
pressure of the sample alone, but the variation of pressure within the
entire system. The magnitude of the pressure fluctuations depends on
the total volume of the system. Since the compressibility of the
fluid is nearly constant over the pressure range involved, a curve of
the relative volume change ( AV/Ve ) of the system will have the
same shape as the fluid pressure curve. Changes in volume of the
pore fluid system are extremely small compared to those of the sample,
so that the curve has the same shape as the inelastic volumetric
strain of the sample. This shape is consistent with the stress-
volumetric strain curves obtained with strain gages (Brace et al., 1966).
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The observed decrease in fluid pressure during deformation is another
indication that rocks become dilatant prior to fracture.
Failure of a brittle material is usually accompanied by a sudden
audible release of elastic energy. However, at slow strain rates
(2.4 x 10-6 and 2.4 x 10"7 sec" ) samples which were injected with
pore fluid did not fail with an audible stress drop. Above 95 percent
of the fracture strength the pore pressure began to drop rapidly.
Once the ultimate strength was attained, the axial stress slowly fell.
On the average the axial load decreased approximately 25 percent in
three to four minutes. The pore pressure was then released and the
experiment terminated. All specimens showed shear fractures similar
to those obtained in the compression of saturated or dry samples;
that is, a through going fracture making an angle of approximately
30 + 30 with the maximum compressive stress.
For samples deformed with pore pressure at 2.4 x 10-4 and
2.4 x 10-5 sec-1, there was a sudden audible stress drop. However,
the fracture surfaces obtained at 2.4 x 10-5 sec-I cut diagonally
across the sample and nearly extended to the top of the sample, whereas
as 2.4 x 10'4 seci the fracturing was confined to the lower half of
the sample, i.e. where the fluid was injected. In the latter
conjugate fracture sets were not uncommon. In every pore pressure
experiment, there was a tendency for the deformation to be concentrated
near the fluid inlet. All of the fracture surfaces intersected the
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base of the sample and only in one specimen of Pottsville sandstone did
the fracture extend to the top of the sample. In the dry and saturated
specimens the distribution of fracture surfaces was random.
DISCUSSION
A strain rate dependence of the validity of the effective stress
law is characteristic of the low porosity crystalline rocks studied.
The fact that there exists a critical strain rate, at which the effective
strength of each rock tested with pore pressure equals that of a
saturated rock, indicates that the pore pressure acts in total and
is independent of the boundary porosity. The discrepency between the
effective strengths of the pore pressure and saturated rocks at high
strain rates indicates that the computed effective confining pressure
is not the effective stress on the rock as the deformation proceeds.
As the rock becomes dilatant during loading, the pore pressure drops.
Thus at high strain rates, the deformation is too rapid to permit the
restoration of the pore pressure to its original value and the rock
exhibits dilatancy hardening. At slow strain rates, i.e. in the
vicinity of the critical strain rate and less, the rate of increase in
porosity is sufficiently slow to permit each drop in pore pressure to
be compensated for by transmission of fluid pressure into the dilatant
region. In such a situation, the effective stress law is valid in terms
of the externally applied fluid pressure. Since the rock permeability
partially determines the rate of flow through the sample, it appears that
the amount of dilatancy hardening, as well as the value of the critical
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strain rate, is a function of the permeability. The more permeable
the rock the higher the critical strain rate. For example, the
Pottsville sandstone is more permeable than Westerly granite or
Maryland diabase and the sandstone has a critical strain rate which
is four orders of magnitude greater than that of the granite or
diabase.
As noted previously, the viscosity of the fluid also influences
the rate of flow. Thus, if a more viscous fluid than water is employed,
an increase in dilatancy hardening at each strain rate should result.
When silicone oil with a viscosity of approximately 50 cp was
introduced into the Pottsville sandstone instead of water, the amount
of dilatancy hardening increased and thecritical strain rate decreased
from about 10- sec-I to lO7 sec-1 . Very small variations in
viscosity however do not yield such a dramatic shift. Water has a
viscosity of 0.924 cp begween 1 and 2 kb and acetone has a viscosity of
0.478 over the same range. Accordingly, experiments conducted with
acetone as a pore fluid should exhibit a consistently lower strength
at each strain rate than those run with water. The results with
Westerly granite were not wholly conclusive. At all strain rates
employed, except 2.4 x 10-6 sec', the dilatancy hardening of the
water-saturated granite was slightly greater than with acetone.
Therefore, only large variations in viscosity appear to significantly
influence the observed dialtancy hardening of a crystalline rock.
In order to determine whether or not the rock permeability and
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the fluid viscosity are the only factors which influence the magnitude
of the dilatancy hardening, a physical model was constructed and
analyzed. Since our experiments indicated that the pore pressure is
fully effective, it was believed that if we knew the pore pressure
within the sample at failure, then the effective confining pressure
could be calculated. With this information an estimate of the
dilatancy hardening was readily obtainable.
The proposed model is based on the conditions employed in our
experiments. The pore pressure is injected at one end of the sample
and is held constant during the run. The other end of the sample is
sealed so that there is no flow across that surface. Moreover, since
the sample is jacketed, there is no radial flow and the entire flow
regime may be considered one dimensional.
First, it is assumed that prior to loading the pore pressure
within the sample is in equilibrium with the externally applied fluid
pressure. For our purposes it seemed acceptable to assume that all of
the dilatancy over a small time increment occurred instantaneously at
the beginning of the interval and that there was no further dilatancy
until the beginning of the next interval (Figure 7). Hence, one can
imagine a situation where the pore pressure drops suddenly and does
not suffer any additional reduction until the next increment of
inelastic volumetric strain. Scholz (1967) found that below 92 percent
of th fracture stress, the dilatancy is uniformly distributed throughout
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the sample. Consequently, the drop in pore pressure during each
interval will be constant over the sample length.
The magnitude of the pore pressure drops can be obtained simply
from the dilatancy curves obtained with strain gages. If the
compressibility of the pore fluid, , is constant and the initial
porosity of the sample, I , is known, then the pore pressure drop,
, due to an increment of inelastic volumetric strain, V*, is given by
(3)
Next, the degree to which the pore pressure is restored in each
time interval must be calculated. If the compressibility of the
fluid is much larger than that of the rock, an approximation to the
equation of flow is given by (Appendix I).
c 1 . ( 4 )
where
Here, k is the rock permeability,M is the fluid viscosity, is
the fluid compressiblity and v is the rock porosity. A solution to
this equation for the boundary conditions in our experiments is given by
(Carslaw and Jaeger, 1959)
= Z 4.2 p ExP[E-oC(2n+)2TTzt/4Lz1 coo(2n+ITrx (5)L 2L
-L) I + f(x) Coo (zn +1-rTx dX
( 'n+0nr ( r .
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where p is the pore pressure as a function of sample length, x, po is
the applied pressure at x = L, L is the sample length and f(x) is the
pore pressure distribution along the sample.
In order to simplify the problem the pressure distribution, f(x),
is assumed to be constant and equal to the pore pressure at the
beginning of each time interval for the point in the sample being
considered. As it turns out, for points sufficiently removed from the
fluid inlet, the value of the integral in f(x) is a good approximation
to the actual exponential distribution given by Equation 5. This
approximation yields
I- ht0 (6)
)n+1)1T
By repeated applications of Equation 6, the pore pressure up to
and at approximately 92 percent of the fracture stress can be computed.
Furthermore, it should be noted that the pressure build up over each
time-dilatancy interval is not independent but depends upon the pore
pressure in the previous increment. Thus, if the pore pressure does not
closely approximate po by the end of one interval, this fact is taken
into account by subsequent calculations.
Beyond approximately 92 percent of the fracture stress, the
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majority of the cracking is concentrated along the ultimate fracture
zone and the model breaks down. However, it appears that one the
dilatancy becomes concentrated along the fault zone, the permeability
of the zone increase and the flow takes place predominantly In this
region. The physical dimensions of such a channel are given in Plate 1,
for Westerly granite. WM-43 was run at 2.4 x 10-6 sec' . As soon
as the axial load began to fall, the pore pressure was released and
the experiment terminated. While the sample was being embedded for
sectioning, the Stycast impregnated a region along the fault zone.
No impregnation was visible at the outer edges of the core. This
appears to substantiate the existence of a higher permeability channel
along the fault zone. Since in all instances observed this zone is in
contact with the fluid inlet, at small distances (up to x = L/2) from
the inlet the pressure gradient will be small. Therefore, beyond
92 percent axial stress, the restricted character of the dilatancy
does not appear to significantly reduce the pore pressure within the
rock. Consequently, if we compute the effective confining pressure
at the limit of our model, our error should not be excessive and a
reasonable estimate of the strength can be made.
As rocks become dilatant, it seems probably that the permeability
changes. In order to apply our model, the variation of permeability
with deformation had to be known. Under hydrostatic pressure there Is
an empirical relation between the resistivity of water-saturated rock,
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, and permeability (Brace, Walsh, and Frangos, in press) which is
given by
k = C ((7)
where c is a constant. Although this relation was obtained for
hydrostatic compression, we were forced to extend it to the case of
differential stress due to the absence of data on the permeability
fluctuations during deformation. Brace and Orange (1966) measured the
resistivity of Westerly granite at a variety of confining pressures.
This data was used to estimate the variation in permeability.
All calculations were made with data obtained on Westerly granite.
The applied fluid pressure was taken as 1565 bars and the pore fluid
as water. From Figure 7, the increase in porosity for a series of
time intervals was obtained. This data was used to calculate the
pressure drops at the beginning of each increment assuming that the
initial rock porosity was 0.008 under a hydrostatic pressure 3.12 kb
and that the fluid compressibility was 32.53 x 10-6 bars-1 . All the time
increments are referred to a strain rate of 1.33 x 10-5 sec-1 . When
considering slower strain rates, each time interval was increased by
one order of magnitude for each tenfold reduction in strain rate.
The average permeability for each interval was obtained by applying
Equation 7 to the data supplied by Brace and using 21.7 : 1017 cm2
as the permeability of Westerly granite at 1565 bars effective confining
pressure. The results of these calculations are given in Table III.
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Finally, it was not immediately clear what value of x should be
used in Equation 6. Since the pore pressure decreases exponentially
away from the fluid inlet, the effective confining pressure Is not
constant. The problem then was to select a value of x which was
realistic in terms of the pressure gradient within the sample. To do
this the samples fractured with pore pressure were examined. For
samples tested at strain rates slower than 2.4 x 10-5 sec-I the
fracture extended to at least two-thirds of the sample length. Thus
a point, x = L/2, was selected. The justification for selecting this
point was that the fracture had to propagate through this region and
the effective confining pressure had to be low enough to permit the
-4 -1
fracture to extend. Similarly, at a strain rate of 2.4 x 10 sec ,
the deformation was concentrated in the lower half of the sample, so
the value of x was taken as 2L/3.
The numerical value of pore pressure at 92 percent of the
fracture stress as a function of strain rate were calculated as
outlined above. The results are plotted in Figure 8. Using these
pore pressures, the effective confining pressure on the rock at
failure was computed and the fracture strength obtained. For
example, at a strain rate of 10-4 sec-1 , the calculated pore pressure
was approximately 1000 bars. Thus, with an external confining
pressure of 3.12 kb, the effective confining pressure was 2.12 kb.
The strength of Westerly granite at 2.12 kb Is 15.20 kb (Brace et al.,
1966). By analyzing additional points along the pore pressure curve
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in Figure 8, the theoretical curve given in Figure 9 was constructed.
There are two horizontal segments in this curve. First, at strain
rates greater than 10"3 secil the pore pressure has dropped to zero
at failure, the effective confining pressure is a maximum, and the
amount of dilatancy hardening is constant. The second horizontal
segment below 10-6 sec-l is due to the fact that the pore pressure is
wholly effective and the strength is constant. The experimental data
included in Table II has been normalized with respect to a saturated
sample deformed at 1.33 x 10-5 sec-' and plotted on the same diagram.
While the predicted dilatancy hardening curve provides a reasonable
approximation to the data, it is not a unique solution. By choosing
other points along the sample at each strain rate, the curve can be
shifted.
In light of this analysis, it appears that several additional
factors influence the magnitude of the dilatancy hardening. First,
the magnitude of the pore pressure drop is a function of the rock
porosity. By increasing the initial porosity of the sample, the
pore pressure drop due to dilatancy is not as great. Hence, given
two samples with the same permeability and dilatancy, the pore pressure
of the more porous sample will be greater at failure. Similarly, the
compressibility of the fluid also greatly influences in the magnitude
of the pressure drop. While both the initial porosity and compressibility
influence the pore pressure drop, small variations in these variables
do not significantly alter the rate of flow through the sample.
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Moreover, the amount of dilatancy hardening will depend upon the ratio
of pore pressure to confining pressure and the experimental conditions
employed. For example, if the pore pressure was allowed to flow from
each end of the sample instead of one, then the dilatancy hardening
would be different. Therefore, the observed dilatancy hardening is
influenced by variations in rock permeability, fluid viscosity, rock
porosity, fluid compressiblity, strain rate and the boundary conditions
of the experiment.
While the proposed model appears to fit the experimental data
exceedingly well, it fails to explain the inaudible stress drop at
low strain rates. When the sample reaches its ultimate strength at
strain rates less than 2.4 x 10-5 sec-l the axial stress falls off
slowly. One possible interpretation of this phenomenon is related to
the concentration of dilatancy along the fault zone and the way in
which the fracture propagates. At the base of the sample the
effective stress law is always valid in terms of the applied fluid
pressure. As the fracture begins to propagate prior to failure, it
begins at the base of the sample and extends along the region of
concentrated cracking. In order for a fracture to extend into a
region under confining pressure, a critical value of the axial stress
must be applied. This critical stress can be attained in one of two
ways; either by increasing the axial stress or decreasing the
effective confining pressure on the region. Therefore, at low strain
rates, the effective confining pressure in each region along the
fault zone decreases more rapidly than the axial load is applied and
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the fracture propogation proceeds slowly. The fracture begins to
extend into an adjacent region as the pore pressure in that region
builds up. The increase in axial stress over the time interval
involved is small. Therefore, the rate of fracture propogation depends
upon the rate of flow In the sample and the pore pressure gradient in
the sample. At high strain rates, the increase in axial load is
much more rapid than the increase in pore pressure. Thus, the rock
becomes unstable and fails suddenly.
Although the inaudible stress drop was characteristic of the
rocks fractured at low strain rates with pore pressure in our
experiments, this phenomenon may be a function of the loading
conditions employed. For example, if the pore pressure were to flow
Into a small dilatant region in an Infinite medium, it is possible that
the rate of pore pressure build up along the fault would be the same
everywhere over Its length, and a sudden release of elastic energy
may ensue.
In as much as the magnitude of the dilatancy hardening and the
inaudible stress drop may be functions of our loading conditions, they
do not represent rock properties in the strict sense. Moreover, the
strength of dry and fluid saturated rocks under confining pressure
does not appear to be a well defined rock property since a strain rate
dependence on rock strength is definitely evident. Our experiments did
not provide an Immediately evident explanation for this fact, but
similar effects in glass have been ascribed to atmospheric corrosion
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of crack surfaces (Charles, 1959). Whether a similar mechanism is
applicable here is not certain and further study of this phenomenon
is warranted.
Finally, it does not appear that dilatancy hardening will be a
prominent phenomenon in nature. Most geologic strain rate are less
than 10-14 sec-1 . Since the critical strain rate for the applicability
of the effective stress law is in the vicinity of 5 x 10-8 sec" 1 for
low porosity crystalline rocks, it appears that whenever pore pressure
is present in the crust, it will be fully effective. Consequently
dilatancy hardening can be ruled out as a rock property in geologic
situations.
TABLE I
ROCK
Granite, Westerly,
Rhode Island
Diabase, Frederick,
Maryland
Dolomite,
Martinsburg, W. Va.
Gabbro, San Marcos
Diabase, Columbia
Dunite, Spruce, Pine
Sandstone (Pottsville)
2.819
2.979
3.262
2.620
1.5
0.75
0.5
0.2
0.002
0.0016
0.0025
0.030
69.7 an4 2,8.2 au,
7.2 amphil.,
11.7 mica,
2 hematite
62.3 an5 5,
21.6 au,
11.3 olivine,
3.8 mag-ilm
1 mica
96.3 olivine,
3.0 serpentin,
0.7 magnitite
46.4 qu,
41 or,
11 mica
DENSITY
g/cm3
d
mm.
0.75
0.175
0.05
2.649
3.029
2.849
POROSI rY
0.011
0.001
0
MODAL
ANALYSIS
27.5 qu,
35.4 mi,
31.4 an1 74.9 mica
48 an6 7,49 au,
1 mica
85 do,
6 ca,
9 insol.
residue
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TA3LE II
'WESTERLY GRANITE
SAMPLE STRAIN RATE
sec"1 C kb
PRESSURE
kb
PORE PRESSURE WITH
13.69 3.03
14.95 3.10
14.65 3.06
16.91 3.12
16.71 3.12
17.61 3.12
17.38 3.02
18.83 3.19
STRESS
DIFFERENCE
kb
WATER
10.66
11.85
11.57
13.79
13.59
14.49
14.36
15.64
PORE PRESSURE
13.46
13.79
15.35
15.30
16.60
16.50
17.50
17.14
WITH ACETONE
3.12
3.12
3.12
3.12
3.12
3.12
3.12
3.12
P ORE
PRESSURE
bars
WGM-46
WM-37
WGM-43
WGM-35
WM-39
WGM-30
WM-42
WM-41
x 10~7
x 10-6
x 10-6
x 10-5
x 10-5
x 10~4
x 10-4
x 10-3
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
1565
1565
1565
1565
1565
1478
1565
1565
WGM-60
WGM-55
WGM-51
WGM-53
WGM-56
WGM-50
WM-58
WGM-59
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
x 10-
x 10 7
x 10-6
x 10-6
x 10-5
x 10-5
x 10~4
x 104
10.34
10.67
12.23
12.18
13.48
13.38
14.38
14.02
1565
1565
1565
1565
1565
1565
1565
1565
TABLE II (CONT.)
SAMXPLE STRAIN RATE
sec"i C kb
PRESSURE
kb
STRESS
DIFFERENCE
kb
2.4 x 10-6
2.4 x 10-5
2.4 x 10-4
2.4 x 10-6
2.4 x 10-5
2.4 x 10"4
SATURATED WITH WATER
12.10 1.56
12.28 1.60
12.68 1.58
SATURATED WITH ACETONE
11.98 1.56
12.38 1.56
12.74 1.56
DRY
2.4 x 10"i
2.4 x 1-6
2.4 x 10-5
2.4 x 10- 4
2.4 x 10~4
11.66
11.80
12.66
12.97
12.77
1.58
1.56
1.58
1.60
1.53
fPORE
PRESS URE
bars
WGM-45
WGM-33
W4GM-31
WGM-63
WGM-62
WGM-61
10.54
10.68
11.09
10.42
10.76
11.18
WGM-47
WGM-44
WGM-34
WGM-32
WGM-40
10.08
10.24
11.08
11.37
11.24
-23-
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TABLE II (CONT.)
MARYLAND DIABASE
SAMPLE STRAIN RATE
sec'- C kb
PRESSURE
kb
STRESS
DIFFERENCE
kb
2.4 x 10-8
2.4 x 10"7
2.4 x 10-7
2.4 x 10-5
2.4 x 10-4
PORE PRESSURE WITH WATER
13.57 3.12
15.75 3.12
15.65 3.12
17.14 3.12
19.87 3.16
2.4 x 10-7
2.4 x 10~7
2.4 x 10-5
2.4 x 10-4
2.4 x 10-4
SATURATED
12.43
13.16
13.95
14.02
13.48
WITH WATER
1.56
1.56
1.58
1.61
1.57
2.4 x 10-7
2.4 x 10-5
2.4 x 10-4
* Confining pressure leaked during experiment
PORE
PRESSURE
bars
MD-16
MD-3
MD-6
MD-1
MD-9
10.45
12.63
12.63
14.04
16.71
1565
1565
1565
1565
1565
MD-12*
MD-13
MD-5
MD-7
MD-15
10.87
11.60
12.35
12.41
11.91
MD-4
MD-2
MD-10
13.21
14.24
14.29
DRY
1.61
1.61
1.60
11.82
12.63
12.69
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TABLE II (CONT.)
SAMPLE STRAIN RATE
sec 1i
BD-1 2.4 x 10-5
BD-3 2.4 x 10-7
BD-2 2.4 x 10-5
C kb
BLAIR
14.55
13.06
10.72
PRESSURE
kb
DOLOMITE
3.12
3.12
1.56
STRESS
DIFFERENCE
kb
11.43
9.91
9.16
2.4 x 10-5
2.4 x 10'7
2.4 x 10-5
2.4 x 10-5
2.4 x 10-7
2.4 x 10-5
2.4 x 10-5
2.4 x 10-7
2.4 x 10-5
COLUMBIA
14.83
13.16
10.29
DIABASE
3.12
3.12
3.12
SAN MARCCS GABBRO
13.73 3.12
11.45 3.12
9.19 1.56
SPRUCE PINE DUNITE
10.43 3.12
8.44 3.12
6.60 1.56
PORE
PRESSURE
bars
1565
1565
0
CD-1
CD-2
CD-3
SM-2
SM-3
SM-1
SPi-1
SP-3
SP-2
11.71
10.04
9.73
10.61
8.33
7.63
1565
1565
0
1565
1565
0
1565
1565
0
7.31
5.32
5.04
TABLE II (CONT.)
SAMPLE ST RAIN RATE
sec"I
PRESSURE
C kb
STRESS
DIFFERENCE
kb
POrTSVILLE SANISTONE wirH WATER
2.4 x 10-3
2.4 x 10-5
2.4 x 10-5
12.80
12.32
10.60
3.12
3.12
1.56
9.68
9.20
9.04
POTTSVILLE SANDSTONE WITH SILICONE FLUID
2.4 x 10-4 17.42 3.12 14.30
2.4 x 10-6 13.74 3.12 10.62
2.4 x 10'7 12.41 3.12 9.29
PS-6 2.4 x 10-40
PS-1
PS -3
Ps-2
PORE
PRESSURE
bars
PS -4
PS-5
PS-7
1565
1565
1565
1565
1565
-31-
10.71 1.56 9.15 0
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TABLE III
t sec
at 1.33 x 10-5 sec-1
V*
x 10-4
1.125
1.125
1.480
1.125
1.125
1.480
1.125
1.480
1.480
1.480
bars
430
430
540
405
405
525
390
505
500
490
k
10 17 cm2
12.1
13.7
16.7
23.3
39.1
57.1
78.7
84.4
99.7
99.7
250
125
125
88
63
63
31
25
25
25
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TA BLE IV
FLUID PROPERTIES
at 300C and 1500 bars pressure
Water
Acetone
Dow Corning
Silicone Fluid (200-50)
Compressibility
bars'1
32.53 x 10-6
41.15 x 10-6
43.25 x 10
*Values estimated from Bridgman's data on Dow Corning silicone
fluid 200-100.
Viscosity
0.924
0.478
534*
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LEGENDS FOR FIGURES
Figure Number Description
1 Schematic diagram of the experimental
arrangement.
2 Stress difference as a function of strain
rate for Westerly granite. Pore pressure
tests were under a confining pressure of
3.12 kb and a pore pressure of 1565 bars.
Dry and saturated tests were under a
confining pressure of 1.56 kb.
3 Stress difference as a function of strain
rate for Maryland diabase. Pore pressure
tests were under a confining pressure of
3.12 kb and a pore pressure of 1565 bars.
Dry and saturated tests were under a
confining pressure of 1.56 kb.
4 Stress difference as a function of strain
rate for Pottsville sandstone. Pore pressure
tests were under a confining pressure of 3.12 kb
and a pore pressure of 1565 bars. Saturated
tests were under a confining pressure of
1.56 kb.
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Figure Number
5
6
7
8
9
Description
Stress difference as a function of strain rate
for Blair dolomite, San Marcos gabbro,
Columbia diabase and Spruce Pine dunite.
Pore pressure tests were under a confining
pressure of 3.12 kb and a pore pressure of
1565 bars. Saturated tests were under a
confining pressure of 1.56 kb.
Change in pore pressure with axial stress
for San Marcos gabbro deformed at a strain
rate of 2.4 x 10-5 sec-1. The confining
pressure for the gabbro was 3.12 kb.
Inelastic volumetric strain as a function
of time for Westerly granite deformed at a
strain rate of 1.33 x 10-5 sec- .
Theoretical pore pressure at 92 percent of
the fracture strain as a function of strain
rate for Westerly granite at a confining
pressure of 3.12 kb.
Theoretical dilatancy hardening for
Westerly granite as a function of strain
rate. The experimental values included
have been normalized to the strength of
water saturated Westerly granite deformed
at a strain rate of 1.33 x 10-5 sec- 1.
STEEL END CAP
SAMPLE
POLYURETHANE
TUBING
-I/
\ /
- BASE PLUG
FLUID INLET
o PORE PRESSURE WITH WATER
m PORE PRESSURE WITH ACETONE
o SATURATED WITH WATER
a SATURATED WITH ACETONE
A DRY
-6
-o
w
0
z
w
I
w
L
LL
O
16
14
12
10
-7 -5 -4
LOG STRAIN
-3
RATE
II
9 PORE PRESSURE WITH WATER
o SATURATED WITH WATER
A DRY
-7
LOG STRAIN RATE
-D
w
0
zn
wr
16
14
12
10
-8 -6 -5 -4
..........
14
-6 -5 -4 -3
LOG STRAIN RATE
* PORE PRESSURE WITH WATER
o PORE PRESSURE WITH SILICONE FLUID
7
o SATURATED WITH WATER
7-
7* SATURATED WITH SILICONE FLUID 7-
7
7
7
7
7
7
7
7
7
7
/7
/
7
7
70
7
7
7
//
7
7 7
7
0' 
*___________ U
7 0
7
S
12
w
0
w
10Ok
-7
w,LLI
SAN MARCOS GABBRO p'SPRUCE PINE DUNITE
U)
U)
-8 -6-4 -8 -6 -4
LOG STRAIN RATE
BLAIR DOLOMITE
e'0
COLUMBIA DIABASE
25 50 75
PERCENT STRESS
1570
1560
w
0
a-
1550
100
DIFFERENCE
zTl I~r~
0.00075 |250 sec|
0
o--
CD
z
TIME, sec.
-7 -6 -5 -4 -3
LOG STRAIN RATE
.O
0
a-
05O0.
1600
1200
800
400
0
- STRESS DIFFERENCE CALCULATED FROM MODEL
o PORE PRESSURE WITH WATER, NORMALIZED16 -
z
Ld
w 14 -
L-
LL
U)
C) 12 
-
Lu
I00
10-
-7 -6 -5 -4 -3
LOG STRAIN RATE
ii
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PLATE I
JUN . 67
Polished section of Westerly granite
impregnated with Stycast. The dark zone is
the high permeability channel which develops
above 92 percent of the fracture stress.
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APPENDIX I
EQUATION OF FLOW
lhe flow of fluid through a porous medium is given by Darcy's
Law
- (h4-h)
L (1)
in which q is the volume of water crossing a unit area in a unit time,
L is the length of the sample, A is the cross-sectional area, hl and h2
are the heights above reference level of the fluid in the manometer
terminated above and below the sample respectively, and K is a factor
of proportionality depending on the permeability of the sample and
fluid properties.
Hubbert (1956) demonstrated that the proportionality factor K
may be related to the permeability of the rock through the viscosity
of the fluid. The relation obtained is
k = K p. (2)
where k is the permeability and 1 Mis the viscosity of the fluid. The
rock permeability, k, is a property of the material and therefore
independent of the fluid flowing through the material.
If the applied pressure on the fluid is large compared to
gravitational compression within the fluid, the latter may be ignored
and Darcy's Law may be written in terms of pressure as
0 - KA (3)
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where p is the pressure corresponding to a manometer height, h. Thus
the net rate of fluid flowing into a region within the medium is
given by
4(4)
where n is a unit vector normal to a surface element dS at all points
on the closed surface, S.
Applying the conservation of mass, the net rate of flow of fluid
into the region must equal the net outward mass flux of fluid in
unit time. The condition for outward flow is expressed by
YJ '6 rn (5)
s et
where is the density of the fluid, and m is the enclosed mass.
In the case of a space completely saturated with the given fluid
by dividing the intergal (Equation 5) by the volume of the region, V,
and then letting V tend to zero, we obtain
rQ~ M~ c I~ - %rl (6)
v -o V V e
which is the rate of loss of mass per unit macroscopic volume at a
given point.
The net loss of mass per unit time may be expressed in terms of
the density and porosity. In this situation, the porosity represents
the ratio of the volume of fluid within the voids and the total volume
-48-
of the closed region. Hence, the net outward mass flux represents a
decrease of fluid within the voids. This may be expressed as
Substituting into Equation 6, we have
(8)
The compressibility of a fluid is defined as
(9)
where is the volume compressibility and is the density.
Rewriting Equation 9, we have
(10)
Substituting into Equation 8 yields
Cd(11)
At any given instant, the density of the fluid over the region is
essentially constant. Hence, we are left with
(12)
Integrating Equation 12 over the region gives
dv 8\ V(13)
Equating the net outward mass flux with the inward flux leads to
% v dV 1g - n d 5(14)dRCt
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Then applying the divergence theorem to the right hand side of Equation 14
simplifies to
\72S- LY (15)
Since this result must be true for any region containing no sources or
sinks, the intergrand must vanish and we are left with
.. z =J(16)
where
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